Abstract: Quantitative trait loci (QTLs) affecting plant height and flowering were studied in the two Saccharum species from which modern sugarcane cultivars are derived. Two segregating populations derived from interspecific crosses between Saccharum officinarum and Saccharum spontaneum were genotyped with 735 DNA markers. Among the 65 significant associations found between these two traits and DNA markers, 35 of the loci were linked to sugarcane genetic maps and 30 were unlinked DNA markers. Twenty-one of the 35 mapped QTLs were clustered in eight genomic regions of six sugarcane homologous groups. Some of these could be divergent alleles at homologous loci, making the actual number of genes implicated in these traits much less than 35. Four QTL clusters controlling plant height in sugarcane corresponded closely to four of the six plant-height QTLs previously mapped in sorghum. One QTL controlling flowering in sugarcane corresponded to one of three flowering QTLs mapped in sorghum. The correspondence in locations of QTLs affecting plant height and flowering in sugarcane and sorghum reinforce the notion that the simple sorghum genome is a valuable "template" for molecular dissection of the much more complex sugarcane genome.
Introduction
Plant height and flowering are particularly important traits for biomass crops like sugarcane (Saccharum spp.). In contrast to increasing yield by reducing height in cereal crops, increased plant height enhances sugar yield in sugarcane. The record plant height (length) for 24-month-old sugarcane was 30 feet in Hawaii (K.K. Wu, personal communication). Flowering in sugarcane terminates vegetative growth and significantly reduces sucrose yield (Coleman 1968; Long 1976; Singh and Reddy 1976; Rao 1977) . However, flowering is required to recombine alleles and create variation needed to develop new varieties by traditional breeding (James 1980; Stevenson 1965) . In addition to a large genetic component, the physiological and environmental factors that affect the flowering of sugarcane include daylength, night temperature, physiological age, soil moisture, and nutritional status (Clements and Awanda 1965; Coleman 1959; James and Miller 1972; Major 1980; and Yeu 1980) .
The study of quantitative trait loci (QTLs) affecting plant height and flowering contributes to our understanding of fundamental principles of plant development, and has practical applications in crop improvement. QTLs for plant height and flowering have been identified in many crops and model plants, including sugarcane's close relatives sorghum (Sorghum bicolor) and maize (Zea mays) (Austin and Lee 1996; Beavis et al. 1991; Bohuon et al. 1998; Lin et al. 1995; Osborn et al. 1997) . In sorghum and milo, classical genetic studies suggested that height and flowering are each controlled by four loci (Dw1-4 and Ma1-4, respectively), with residual variation in each trait suggesting the possibility of additional genes of smaller effect Karper 1945, 1954) . Six QTLs affecting plant height and three QTLs affecting flowering have been mapped in a Sorghum interspecific F 2 population , and four QTLs affecting plant height have been mapped in a different sorghum intraspecific F 2 population (Pereira et al. 1994) . In maize, a total of 29 mutants were identified that influenced plant height (Sheridan 1988 ) and 105 QTLs were mapped in 22 different populations, whereas a total of 64 QTLs or mutations were reported to affect flowering across 16 maize populations Ribaut et al. 1996) . Despite the nominally large number of QTLs mapped in maize, 51% of the QTLs controlling plant height were clustered in seven chromosomal regions, and 47% of the QTLs controlling flowering were in five regions , suggesting that these QTLs may represent variation in a smaller number of genes.
In this study, QTLs affecting plant height and flowering were mapped in two interspecific sugarcane populations. Four sugarcane genetic maps were aligned with the sorghum linkage map (Ming et al. 1998 (Ming et al. , 2002a , which facilitated the QTL analysis for agronomically important traits in sugarcane.
Materials and methods

Plant materials
Two interspecific segregating populations, each created by P. Tai (USDA-ARS, Canal Pt., Fla.) were evaluated for field performance and analyzed with DNA markers. (i) Two hundred sixty-four plants from Saccharum officinarum 'Green German' (GG, 2n = 97 -117) × Saccharum spontaneum were designated the GI population. (ii) Two hundred thirty-nine plants from S. spontaneum 'PIN 84-1' (PIN, 2n = 96) × S. officinarum 'Muntok Java' (MJ, 2n = 140) were designated the PM population. The taxonomic classification of these parental varieties has been discussed previously (Ming et al. 2001 (Ming et al. , 2002a . In sugarcane, 2n + n transmission predominates in S. officinarum (2n = 80) × S. spontaneum F 1 and BC 1 crosses, a phenomenon known as "female restitution", (Bremer 1923; Price 1957 ).
However, the chromosome numbers of a sampling of the progenies from these two crosses were 2n = 73-85 for GI and 2n = 99-121 for PM, indicating n + n transmission (Burner 1997 
Phenotypic data collection
Plant height data were taken on individual plants to the top visible dewlap for both populations in fall 1995. The average value of the three replications of each plant was used for analysis.
Flowering data were collected on 2 February 1996 using a binary scale as follows: 0, no flower; 1, any stage after flowering had been initiated.
RFLP analysis
DNA extractions were as previously described (Chittenden et al. 1994) . DNA probes used for QTL mapping were selected based on preliminary analysis of 1255 single-dose RFLP markers on 85 plants. Probes for mapping the full populations were picked at 20 cM or smaller intervals for a more comprehensive search of the genome. A total of 186 probes generating 243, 232, 122, and 138 single dose markers for GG, IND, MJ, and PIN, respectively, were mapped in both populations. Linkage map construction was done as previously described (Ming et al. 1998) .
Genomic and cDNA probes derived from several species within the grass family were used in sorghum and sugarcane genome mapping. The first two to four letters of the probe name were designed to distinguish the sources (which species) and types (genomic or cDNA) of the probes as follows: sugarcane genomic clones (SG); sugarcane cDNA clones derived from (i) cell suspension culture (CDSC), (ii) germinating lateral buds (CDSB), and (iii) germinating sett roots (CDSR); sorghum genomic clones (pSB and SHO); maize genomic clones (BNL and UMC); maize cDNA clones (CSU); rice genomic clones (RG); rice cDNA clones (RZ); barley cDNA clones (BCD); and oat cDNA clones (CDO). After a number that was assigned to the probe by the original lab, a lower-case letter represented a particular locus detected by the probe, because multiple loci were usually detected by any given probes in sugarcane. The last capital letter of the DNA marker name represents the parental cultivar from which this polymorphic marker was derived.
Data analyses
SAS programs (SAS Institute Inc. 1989) were used to calculate correlations among traits (CORR) and perform analyses of variance (GLM). When flanking markers were available, MAPMAKER/QTL version 1.1 was used to calculate LOD scores by interval mapping. Significance thresholds of LOD > 2.5 (interval mapping) or P < 0.003 (analysis of variance) were used to declare QTLs. Because flowering data were scored as 0 and 1, χ 2 tests were performed to identify markertrait association at the significance level of P < 0.003 (Gomez and Gomez 1984) . The allele effect of each single-dose QTL was the average difference in phenotype of individuals dif-fering by one copy of the indicated allele (one dose vs. zero doses). When two or more loci detected by the same probe were each associated with a trait at P < 0.01 by single factor ANOVA, these loci were combined to form double-(0-2 copies), triple-(0-3), or quadruple-dose (0-4) genotypes. The allele effect of each single-dose QTL was the average difference in phenotype of individuals differing by one copy of the indicated allele (single vs. zero doses, or double vs. single dose). Linear, quadratic, cubic, and quartic trends for marker dosage were tested using the CONTRAST statement of the SAS GLM procedure. The total phenotypic variance explained was obtained from SAS GLM by including all significant single-and multiple-dose QTLs in a full model.
Results
Trait correlation and distribution
Plant height and flowering were significantly correlated in GI (r = 0.56, P < 0.001), but not in PM (r = -0.15, P = 0.05). Their inter-relationship in GI suggests that some genomic regions influence both traits.
Plant height varied widely in both populations, ranging from 17 to 195 cm for GI and from 30 to 233 cm for PM. Plant height was normally distributed in the PM population, but was bimodal with peaks at 50 and 150 cm in the GI population ( Fig. 1) . After 14 months of growth in southern Texas, 176 (76%) of the 233 plants scored in GI flowered, whereas only 87 (37%) of the 235 plants scored in PM flowered.
Plant height
In the GI population, three QTLs were mapped, one from GG and two from IND. A full model comprising the three QTLs explained 16.3% of phenotypic variation (PV). The one GG QTL alone explained 8.1% of PV, whereas the two IND QTLs combined explained 8.5%. The allele effect of the GG QTL increases plant height, whereas the allele effect of the two IND QTLs decrease plant height, consistent with the parental phenotypes (Table 1) .
In the PM population, a total of 53 QTLs were mapped, 42 from MJ and 11 from PIN (two to four markers that formed a multiple-dose QTL were considered as one QTL). Seven double-dose, two triple-dose, and two quadruple-dose QTLs were mapped in MJ, whereas two double-dose QTLs were mapped in PIN. The large number of QTLs detected in PM did not allow a reliable estimate of percentage variance explained (PVE) for a full model consisting of all 53 QTLs. The allelic effects of all 42 MJ QTLs increase plant height, whereas the allelic effects of 11 PIN QTLs reduce plant height. One PIN QTL linked to CDSR94bP increased plant height (Table 1) .
Flowering
Nine QTLs were mapped in GI, one from GG and eight from IND. These nine markers also showed significant association with flowering at P < 0.003, and the percentage of variance explained by each marker was estimated. The allele effect of the GG QTL delays flowering, whereas allele effects of eight IND QTLs accelerate flowering, which is consistent with the parental phenotypes.
Because the majority of the plants in the PM population did not flower, no significant marker-trait association was detected in this population.
Comparative analysis of QTLs
Because the sugarcane linkage maps are only about 70% complete (Ming et al. 1998) , it is difficult in some cases to compare the genomic locations of QTLs controlling either the same traits between different sugarcane populations, or related traits within and between populations. Alignment of the four sugarcane maps to the high-density sorghum linkage map (Ming et al. 1998 (Ming et al. , 2002b helped us to compare QTLs affecting plant height and flowering from the different sugarcane maps (Fig. 2) . The previously reported plant height and flowering QTLs in sorghum were placed to the left of sorghum linkage groups (LG A-J), whereas QTLs for plant height and flowering in sugarcane were aligned on the right. Comparative QTL analyses among these two traits in sorghum and sugarcane were summarized in reference to sorghum linkage groups.
Sorghum linkage group A
Five sugarcane QTLs controlling plant height corresponded to the genomic region between markers CSU456 and CSU451 containing a plant height QTL in sorghum . Among these five QTLs, three were from MJ and two were from PIN. Another four sugarcane QTLs for plant height and one for flowering corresponded to the genomic region between RZ543 and SG161, one from IND controlled flowering and four from MJ control plant height (Fig. 2) .
Sorghum linkage group B
One QTL from MJ for plant height corresponded to the genomic region between markers CDSC41 and CDSB7. Another QTL for plant height from PIN corresponded to a sorghum genomic region where a sorghum flowering QTL was located between markers pSB103 and pSB413.
Sorghum linkage group C
One QTL controlling flowering from IND and one controlling plant height from MJ corresponded to the genomic region between markers UMC76 and CSU347 containing a plant height QTL in sorghum. Detected by the probe UMC147, one QTL controlling plant height from MJ corresponded to the genomic region near SG305 on sorghum linkage group C. A fourth QTL controlling plant height from PIN also corresponded to sorghum linkage group C.
Sorghum linkage group D
One QTL controlling plant height from MJ corresponded to the genomic region near marker CDSC5 where a major sorghum flowering gene, ma1, and a plant height gene, dw2, are located . Two more QTLs affecting plant height associated with CDSC5 on MJ LGs 5 and 10 were assigned to homologous group (HG) 2, which corresponds to sorghum LG A. Another two QTLs for plant height, one each from MJ and PIN, corresponded to a region on LG D near marker CDSR125.
Sorghum linkage group E
Two QTLs for plant height, one each from MJ and PIN, corresponded to the genomic region between markers CDSR49 and CDSR95. A third QTL for plant height in MJ corresponded to the region near marker CSU439.
Sorghum linkage group F
Three QTLs for plant height, two from MJ and one from IND, were scattered in three different genomic regions.
Sorghum linkage group G
Two QTLs controlling plant height from MJ and PIN corresponded to the genomic region between markers pSB397 and CDSB58 where two sorghum QTLs, one each for plant height and flowering, are located. One QTL for plant height from MJ and one for flowering from IND are located on the region between markers CSU63 and pSB134 containing another sorghum plant height QTL and flowering QTL.
Sorghum linkage group H
Two QTLs controlling plant height from MJ corresponded to the genomic region between markers pSB240 and pSB346. Silva et al. (1995) . Only regions that either contain or are homologous to QTLs are shown.
Another two QTLs controlling plant height, one each from MJ and IND, were scattered on other genomic regions.
Sorghum linkage group J Two QTLs for plant height, one from MJ and one from PIN, corresponded to the region between markers CDSR133 and pSB124 adjacent, but not corresponding, to a plant height QTL in sorghum.
Among the total of 35 QTLs placed on the map affecting plant height and flowering, 21 of them clustered in 8 genomic regions, corresponding to other QTLs within and between mapping populations, and between sugarcane and sorghum.
These 21 QTLs can be categorized into three groups. Group 1 consists of those QTLs mapped in the same population that corresponded across the two sugarcane species. Two to five QTLs controlling plant height in MJ and PIN corresponded to sorghum genomic regions between markers CSU 456 and CSU 451 on LG A, between markers CDSC49 and CDSR95 on LG E, and between markers CDSC19 and SG322 on LG G. Group 2 consists of those QTLs controlling flowering and plant height corresponding to each other across sugarcane species and mapping populations. Five QTLs in IND and MJ corresponded to a region between markers BNL 9.11 and SG161 on LG A. Two QTLs in IND and MJ corre-sponded to a region between markers UMC76 and CSU347 on LG C. Finally, group 3 consists of corresponding QTLs controlling plant height and flowering in both sorghum and sugarcane. Five QTLs controlling plant height in MJ and PIN corresponded to a sorghum QTL mapped between markers CSU456 and CSU51 on LG A. A plant height QTL in PIN corresponded to a sorghum QTL on LG B. One QTL controlling plant height in MJ corresponded to a major flowering gene, ma1, and a plant height QTL (dw2) in sorghum on LG D. Three QTLs controlling plant height and one controlling flowering in MJ corresponded to two plant height and one flowering sorghum QTLs on LG G.
Dosage effects of individual QTLs
In 11 cases, multiple homologous genomic regions contained QTLs associated with the same trait. Although we recognize that the specific genes influencing phenotype in homologous regions may or may not be the same, analysis of the dosage effect of such regions is important in planning strategies for marker-assisted improvement of sugarcane. Multiple-dose QTL genotypes (see Materials and methods) were subjected to trend analysis (Gomez and Gomez 1984) . Strictly additive dosage effects would result in a significant (non-zero) linear trend. Non-additive QTL dosage effects would show as significant higher-order trends. Seven putative double-dose QTLs for plant height were identified, five from MJ and two from PIN (Fig. 3) . All except one (pSB101b,gP) showed significant (P < 0.05) quadratic relationships. Two triple-dose and two quadruple-dose QTLs affecting plant height were reported previously (Ming et al. 2001) .
Discussion
Sugarcane flowering is a complex process involving at least five different developmental stages distinguished by having different photoperiod requirements (Clements and Awanda 1965; Coleman 1959; Moore 1971; Moore and Nuss 1987) . The total of nine QTLs mapped in the GI population may reflect the large number of genes involved in sugarcane flowering. Only one QTL was identified in 'Green German', explaining 8.1% of phenotypic variation. This suggests that additional undetected QTLs, as well as environmental factors, contributed to flowering in sugarcane.
Identification of QTLs controlling flowering in breeding populations could potentially assist breeders in selecting and maintaining low-flowering elite lines. Flowering in commercial sugarcane varieties can significantly reduce sugar yield, particularly in regions like Hawaii where sugarcane is grown for longer than 12 months/cycle. Early flowering plants terminate vegetative growth early, reducing sugar yield, whereas late or sparsely flowering plants extend the plant growth period. More synchronous flowering could improve sugar yield and reduce the need for application of costly growth regulators to prevent flowering (K. K. Wu, personal communication).
The number of loci controlling plant height varies among different species or germplasm. Among the close relatives of sugarcane, the known genes and QTLs affecting plant height range from six in sorghum to 105 in maize; however, 51% of the maize QTLs were clustered in seven genomic regions Pereira and Lee 1995; Ribaut et al. 1996; Sheridan 1988) . Other factors being equivalent, the number of QTLs detected in a mapping population should be positively correlated with the size of the population (Lander and Botstein 1989) . Although the GI population size was fairly large (264 individuals), only 3 QTLs were mapped for plant height, which explains only 16.3% of the PV, versus 53 QTLs in the PM population of 239 individuals. The large portion of the PV unaccounted for in GI suggests that most QTLs controlling plant height were not detected. The discrepancy of the PVE for plant height QTLs in GI might be due to both higher-dosage QTLs that were not detectable with a manageable population size in an autopolyploid and environmental effects.
Seventeen of the 32 (53.1%) plant height QTLs on the map formed 6 clusters. Some of these could be divergent alleles at homologous loci (Fig. 2) . If this proves to be the case, the actual number of plant height QTLs detected in the PM population would be much less than the 53 QTLs listed in Table 1 . Adding further support to this notion were the 11 multiple-dose QTLs detected by single probes in PM.
Plant height was significantly correlated with sugar yield in GI (r = 0.49, P < 0.001) and PM (r = 0.34, P < 0.0001). Four genomic regions containing plant height QTLs also affected sugar yield in GI and PM near marker CDSR15 on sorghum LG A, near marker UMC147 and between markers UMC76 and pSB600 on LG C, and near marker CDSR91 on LG E (Ming et al. 2002b ). The inter-relationship of plant height and sugar yield was bridged through a component of sugar yield -stalk length. The correlation coefficients between plant height and stalk length were 0.64 (P < 0.0001) in GI and 0.56 (P < 0.0001) in PM.
Non-additive gene effects were prevalent in multiple dose QTLs controlling plant height. Of the 11 multiple-dose QTLs, all but one showed significant non-additive (non-linear) dosage effect. By contrast, double-dose QTLs controlling sugar content were mostly additive (Ming et al. 2001) . The tripleand quadruple-dose QTLs showed diminishing returns as the dosage increased (Fig. 3) .
Some possible pleiotropic QTLs influenced both plant height and flowering of sugarcane, consistent with previous observations in sorghum see Fig. 2 ), maize (Austin and Lee 1996; Koester et al. 1993) , and rice . In these two sugarcane populations, three genomic regions contained both plant height and flowering QTLs (Fig. 2) . Only in two genomic regions, corresponding to sorghum LGs D and H, were multiple QTLs mapped specifically for plant height.
Some QTLs affecting plant height and flowering in sugarcane corresponded to those found in sorghum. Sugarcane plant height QTLs corresponded to four of the six QTLs mapped in sorghum, whereas flowering QTLs corresponded to one of the three QTLs mapped in sorghum. Chromosomal rearrangement in sugarcane or sorghum after their divergence complicates the comparative analysis of QTLs. A plant height QTL was mapped between markers CDSC5 and CSU34 on LG D in sorghum, and two plant height QTLs were associated with CDSC5, but mapped on different linkage groups in sugarcane. These corresponding plant height QTLs might be derived from the same ancestral genes. However, two of the three sugarcane QTLs were mapped on LGs 5 and 10 corresponding to LG A, whereas the other QTL was not mapped to any linkage group, suggesting that inter-chromosomal rearrangement involving this locus might have occurred after the divergence of the two genera. Nevertheless, overwhelming evidence pointed to the colinear relationship between sugarcane and sorghum genomes (Dufour et al. 1997; Guimarães et al. 1997; Ming et al. 1998) , and QTLs controlling height and flowering were conserved among sorghum, maize, and rice Paterson et al. 1995) . Results of QTL mapping for plant height and flowering in these two sugarcane interspecific populations add further support to the conservation of gene synteny across the grass family (Devos and Gale 1997) . It should be noted that our results are based on the phenotypic data of one year at one location, and some QTLs for plant height and flowering we reported here could well be unique to these two particular populations and (or) this particular environment. Genome Vol. 45, 2002 Fig. 3 . Dosage effects of QTLs for plant height (cm). Lowercase letters after the probe name represent the loci detected by this probe; the capital letter M or P represents parental variety MJ or PIN. Phenotypic effects of allele substitution at each locus are shown in Table 1 . P l and P q are the probabilities that linear and quadratic components, respectively, of the dosage curve are equal to zero. The triple-and quadruple-dose QTLs published previously were not shown (Ming et al. 2001) .
